For avalanche applications, the definition of zones for land-use planning typically involves estimates of both return period and impact pressures as functions of position in the runout zone. Since return period is related to expected avalanche frequency and impact pressure is related to consequences if structures are hit, zone specifications imply a risk-based approach. In this paper, the schemes for definition of zones from three countries (Switzerland, Canada, and Austria) are presented and compared from a mathematical, risk-based framework. The comparison reveals that the Swiss standard is the least conservative and the Austrian standard is the most conservative.
Introduction
Modern approaches to the management of natural hazards are derived from risk-based approaches. In this paper, a riskbased approach is developed for snow avalanche applications to facilitate placement determination of occupied structures in avalanche zones. Typically ) three zones are defined from a risk analysis: a high risk zone (red zone) in which new construction may not be permitted; a moderate risk zone (blue zone) in which construction may be permitted with qualifiers (e.g., special avalanche protection for the structure and an evacuation plan); and a low risk zone (white zone) in which construction may be permitted without qualifiers. In the alpine countries of Europe these zones are determined from combined estimates of expected impact pressures and return periods in the runout zone.
In this paper, two aspects of a risk-based approach to zone definition are considered for land-use planning applications: (i) risk definitions suitable for avalanche applications, and (ii) mathematical derivation of zones from a risk-based concept. For the latter, zone definition is compared among Switzerland, Austria, and a proposal for Canada for land-use planning in avalanche terrain.
Definitions
Risk definitions vary among disciplines and for individual applications (Einstein 1988 (Einstein , 1997 Varnes 1984; McCormick 1981; Fell and Hartford 1997) . Thus, any framework for risk must include definitions and any risk definition given will not be universally accepted. Van Belle (2002) suggests that the terms risk and hazard are ambiguous. In addition, any definition of risk that is phrased in prose cannot be as useful as a mathematical definition for engineering applications.
In this section, some definitions are given that might be used for avalanche applications and are consistent with (but not identical to) common definitions for landslide analysis (Einstein 1988; Varnes 1984; Fell and Hartford 1997) . The key concept in the risk definition used in this paper is that risk is proportional to the product of frequency of events and some measure of consequences (or destructive potential) of the events, such as expected impact pressure. Risk definitions for natural hazards should include terms for time exposure of people or facilities, but for the application herein the zoning schemes are for fixed facilities (buildings), which are exposed at all times so the exposure aspect is not considered.
Risk
Risk is the probability, or chance, of death or losses. The definition implies that risk has no units, and it is a number between 0 (impossible) and 1 (certain). For fixed facilities in avalanche zones, risk estimates involve a product of measures of the probability of occurrence of events (related to avalanche frequency) and the probability of consequences or vulnerability (Varnes 1984 ) on a scale from 0 (no damage) to 1 (complete destruction). Thus, the product of these two quantities (probabilities of consequence and occurrence) will yield a number between 0 and 1 for an event. When events of different magnitude are planned for at locations, a nonproduct form replaces the single event definition of risk as described below.
Single magnitude: product form
Avalanche zoning applications for planning occupied structures far into the runout zone often require calculations for the most destructive event expected at the site. For example, this event is sometimes taken to be the design event, i.e., the maximum expected at the location. In this paper, a similar approach is taken with risk considered for a single event in the runout zone.
In the design of defence structures, the design event is often taken as smaller than the most destructive one for a risk-based approach. The objective is to reduce the risk to something acceptable rather than to defend against the most destructive one expected.
For a single event (the design avalanche, A d , for a consequence, C; e.g., total destruction of a wood-framed structure) at a location far into the runout zone, the risk, R, might be represented as the probability intersection of these quantities
This equation has the form "risk = probability of occurrence × probability of consequence" (given the design avalanche at the location).
Multiple magnitudes: non-product form
When a spectrum of event magnitudes at a location is considered, a non-product form for risk evolves (McCormick 1981; Fell and Hartford 1997; Varnes 1984) . The risk definition then typically involves a summation of probabilities of occurrence of events of given magnitudes and vulnerabilities for the magnitudes expected at a location. The probability of occurrence of an event as a function of magnitude implies a magnitude-frequency relationship as a function of location, which is rarely (if ever) available in land-use planning applications for snow avalanches.
For example, consider magnitude as represented by the five part Canadian avalanche size classification (McClung and Schaerer 1993) based on destructive potential. For a given location, let A represent an avalanche, let S i represent the magnitude of the avalanche of size i, and let C be a consequence (e.g., total destruction of a wood-framed structure). Then, the risk R i for an avalanche of magnitude S i might be represented as
This equation has the form "risk for magnitude (size i) = probability of occurrence for size i (the first two quantities on the right side) × probability of consequence" (given an avalanche of magnitude size i). The first two terms require a magnitude frequency relation to be available for the site in question. The last quantity is essentially equivalent to the vulnerability, as defined by Varnes (1984) . It could be approximately specified by supplying a table of the fraction of expected loss for the wood-frame structure as a function of avalanche magnitude: ranging from 0 for size 1 to 1 for size 5. Keylock et al. (1999) provide an example. The Canadian size classification system for avalanches is based on destructive potential, similar to the the Mercalli scale for shaking caused by earthquakes. Hence, tables can be constructed for different structure types with an accuracy comparable to the accuracy of avalanche frequency. A measure of the risk in non-product form (Fell and Hartford 1997; McCormick 1981; Varnes 1984 ) is then
Equation [3] is equivalent to the definition of specific risk given by Varnes (1984) . When only one event magnitude is considered, the analysis reduces to the product form of a single event. Keylock et al. (1999) adopted the specific risk approach. The major disadvantage of this approach is that data or information needed to perform the calculations at a location (a magnitude-frequency relationship) are almost never available. Thus, the single (design) event approach is used most often in situations where occupied structures are planned for, and it is the basis of the zoning sytems in Canada, Switzerland, and Austria. The single magnitude form is retained in this paper for the discussion below.
Costs
To assess costs, the risk may be multiplied by the estimated value of the item in question (structure in avalanche zoning) to give (Morgan 1990 ) an annual risk cost, if the probability of occurrence is estimated as an annual probability. The advantage of the aforementioned risk definitions is that risk always has no units, whereas units enter through the cost (value) of the structure or item at risk as a cost assessment.
Land-use planning: the design event
For land-use planning far into the runout zone where occupied structures may be located, engineers often consider analysis for the largest, most destructive event. In this case, risk can be thought of as the product of the probability of occurrence and vulnerability for the event as a function of position. These terms are discussed below for avalanche applications. Risk-based design of defence structures (as opposed to zoning for occupied structures) normally requires analysis of more than one magnitude of event with consideration of an event with less destructive potential than the largest event.
Probability of occurrence
For avalanche applications, the probability of occurrence is taken to be the encounter probability (LaChapelle 1966; McClung 1999) , i.e., the probability of at least one event reaching or exceeding a location during a finite time period L with a return period T. The encounter probability for avalanches from McClung (1999) is described below.
Avalanches normally arrive as rare, discrete, independent events so that the encounter probability may be calculated by assuming the events arrive according to a binomial or Poisson probability mass function (LaChapelle 1966; McClung 1999) . The finite waiting time, L, may be thought of as n time intervals of length ∆t, i.e., L = n ∆t. For fixed facilities, Foehn (1978) calls L the "design period" and a value of L equal to 50 years is often taken as the mean service life of buildings, but it may vary depending on the application.
For the binomial distribution, the encounter probability is
n ] and for a Poisson process it is E p = 1 -exp(-L/T) (McClung 1999; LaChapelle 1966) . In most cases (LaChapelle 1966; McClung 1999) there is little difference between quantitative estimates from these two approaches even though there are conceptual differences and different domains of applicability (McClung 1999) .
For the special case where L << T with L = 1 year and T in years, the encounter probability reduces to 1/T, which is equivalent to the annual avalanche frequency at a location. Thus, in general, the probability of occurrence is represented by the encounter probability in avalanche applications even though it reduces to the expected avalanche frequency for most land-use planning applications (L = 1 year and T > 30 years).
The possibility of a high frequency of events in some applications implies that (avalanche) frequency does not always provide a consistent measure of the probability of occurrence as it normally would for earthquake or flood applications where long return periods are considered. When long return periods are appropriate, the frequency may be taken as 1/T. However, for avalanches where the frequency of events may be described by a binomial or Poisson probabilty mass function, the annual encounter probability is equivalent to 1/T only in the limit of low frequency of events. McClung (2002) provides avalanche frequency data from avalanche paths along highway areas in British Columbia where the frequency is typically several events per year. For applications at such locations, avalanche frequency cannot be used in a risk format calling for probability of occurrence. Since avalanche events can be thought to follow a Poisson or binomial probability mass function, the encounter probability is more appropriate. However, in the risk formulation below, the probability of occurrence is taken as 1/T, which is equivalent to the special case described here appropriate for low frequency of events in the runout zone for which exceedance probability and encounter probability coincide.
Probability of consequence
From eq. [1], this quantity takes the form of a conditional probability: P(C | A d ). For land-use planning applications, the meaning is probability of consequence C, given that the design avalanche reaches or exceeds the location at least once during the time period L having a return period T. In most land-use applications, L is taken as 1 year and L << T. These assumptions will be retained below to yield a measure of risk (for the design avalanche) at a location as
This equation has the form "risk = frequency × probability of consequence C ", where both frequency and probability of consequence vary as a function of position in the runout zone.
For land-use planning zones, the consequences are normally expressed in terms of expected impact pressure. It is now assumed that the probability of consequence (e.g., total destruction of a structure) is linearly proportional to the expected impact pressure at a location, to yield an expression of the form
where I designates impact pressure. Expression [5] will be used below to derive risk-related expressions for definitions of avalanche zones.
Acceptable risk
In this paper, definitions of avalanche zones, along with qualifiers about action required, are expressions of acceptable risk. The level of acceptable risk is a societal question that depends on a number of factors such as: cultural aspects, whether activities are voluntarily or involuntarily undertaken, the number of people exposed, the time exposure of people, facilities or things of value exposed, and how much the hazard is known to science or feared by people.
For avalanche threatened areas, land-use planning regulations for building permits are often concerned with (i) estimates of destructive potential or consequences of events (impact pressures) and (ii) return periods. Both quantites are used to define zones related to prescribed actions, such as building restrictions and evacuation plans. Therefore, zoning schemes Canadian Avalanche Association 2002; stated in these parameters are related to expressions of acceptable risk. The schemes are developed from experience but within the domain of the concept of risk.
Risk basis for occupied structures: zoning plans
There are two basic classes of standards for occupied structures: (i) residential and other permanently occupied structures, and (ii) industrial plant and temporarily occupied structures. Both classes normally require a zoning plan based on a combination of expected impact pressures and return periods of avalanches. The three zones considered here are: (1) the white zone, which is a region of nominal risk with development normally unrestricted; (2) the blue zone, which is a region of moderate risk with development restricted according to the following factors: structural protection required and (or) evacuation plan required (note that in Switzerland and Canada the zone colour for moderate risk is blue, whereas it is yellow in Austria); and (3) the red zone wherein new construction is not normally permitted.
Theoretical design avalanche
The proposed Canadian standard (Canadian Avalanche Association 2002) for zone definition is risk-based from the perspective of a theoretical design avalanche. The theoretical avalanche used to formulate Canadian standards is defined to describe effects in the deposition (runout) zone.
For this paper, a hypothetical, theoretical design avalanche is defined to help visualize how return period and impact pressure might be related for some very simple assumptions. This hypothetical avalanche is characterized by the following: estimated impact pressure is less than 30 kPa (I 0 ), and the return period is greater than 30 years (T 0 ) for the potential (beginning) top of the blue zone with extension to a return period of 300 years (T m ) at the downslope end of a possible blue zone. These three numbers, along with the definitions above, can completely characterize zone definitions downslope in the runout zone for the Swiss standard or the Canadian proposal. The three numbers and colour scheme are identical to those used in de Quervain (1975) to characterize the zones. However, the definition of a blue zone is different in Canada according to combinations of expected impact pressure and return period (see Appendix A).
In Canada, the proposal for land-use planning includes white, blue, and red zones as defined below.
White zone
Areas outside a line determined by a prescribed return period or impact pressure. This includes any area with estimated return period greater than 300 years or impact pressures less than 1 kPa.
Red zone
An area where the return period is less than 30 years and (or) impact pressures are greater than or equal to 30 kPa or where the product of the impact pressure (kPa) and the reciprocal of the return period (years) exceeds 0.1 for return periods between 30 and 300 years.
Blue zone
An area where the product of frequency (reciprocal of return period) and impact pressure is less than 0.1 (10% of the initial risk proportional value from expression [5] for the design avalanche) and greater than 1 kPa for return periods between 30 and 300 years. Appendix A contains a risk-based analysis that explains this standard for common assumptions about return period and impact pressure variations in the runout zone. Appendix B contains an extension of Appendix A for more general assumptions, and Appendix C contains simple examples to illustrate determination of zones in practice.
The upper limit on impact pressure for the blue zone definition proposed for Canada is more conservative than that in Switzerland but not as conservative (according to the new guidelines concerning impact pressures) as that in Austria . Formally, the Canadian standard representing the line between the blue zone and the The proposed Canadian standard is risk-based (proportional to the risk) given the assumption that risk is linearly proportional to (avalanche frequency) × (expected impact pressure) with equal weight given to both impact pressure and return period for risk acceptability.
The relationship for determination of zones in Switzerland (Switzerland 1984, p. 16 ) can be shown (Appendix A and Appendix C) to be slightly different from the proposed Canadian standard. In Switzerland, the impact pressure is weighted according to a logarithmic relationship with frequency rather than linearly proportional to impact pressure i.e., probability of attribute C ∝ (impact pressure) k where k may be less than, equal to, or greater than 1. If k = 1, then from a risk proportionality relationship, approximately equal weight is given to impact pressures and return periods in the acceptability criterion; this is equivalent to the Canadian standard described below. If k > 1 then higher impact forces are acceptable for the same return period than if k = 1 and higher risk is accepted. This corresponds to the system in Switzerland ). If k < 1 then the reverse is true; a more conservative estimate of impact pressure is allowed for the same return period than if k = 1. This is the position (k < 1) recently adopted in Austria (see Table 1 and ). McCormick (1981) includes a risk definition with a product of frequency and a nonlinear relationship of expected damage (rather than linear: k = 1).
New guidelines for Austria (see Table 1 and Höller and Schaffhauser 2001) are slightly more conservative than the Canadian standard for the upper limit of the blue zone. In Austria, the equivalent colour schemes relative to the Canadian and Swiss standards are as follows: the red zone is equivalent to the red zone; and the yellow zone is equivalent to the blue zone of Switzerland and Canada in terms of building regulations. Appendix C contains a simple example to illustrate application of the proposed Canadian system compared to the Swiss scheme.
Conclusions
The zoning schemes discussed in this paper are analogous to specifying acceptable risk for snow avalanche situations Return period up to 10 years Red I > 10 kPa I > 3 kPa Yellow 1 < I < 10 kPa 1 < I < 3 kPa along with conditions on human occupancy. The expected impact pressure is related to the consequence portion of risk combined as a product with the expected frequency. For applications far into the runout zone, most consultants apply the single magnitude (product form) type of risk analysis. The non-product, multiple magnitude form (Keylock et al. 1999 ) normally requires more data and additional assumptions.
The proposed Canadian standard for the upper limit of the blue zone is derived through a proportionality to risk with equal weighting between consequence (impact pressure) and avalanche frequency. For a risk-based standard, this is perhaps the simplest assumption. However, there is no evidence that this assumption yields a zoning strategy that is superior to Swiss or Austrian proposals. All three proposals are similar, and it would be difficult to distinguish among them based on experience or data. Typically, the uncertainty in determination of the parameters at a site would be far greater than the differences among any of these schemes.
In general, if risk is defined as a probability, then the encounter probability should be used as the frequency component of risk for avalanche applications. For the Poisson (or binomial) probabilty mass function, the encounter probability becomes numerically equivalent to the annual frequency only for long return periods in excess of 20 years.
Appendix A. Theoretical design avalanche in the runout zone: Canadian and Swiss standards compared
In this Appendix the relationship between impact pressure and return period for a hypothetical, theoretical, design avalanche is derived from simple assumptions. The design avalanche is characterized by three numbers: initial impact pressure (I 0 ) at arrival in the up slope start of the runout zone (30 kPa for Swiss and Canadian standards); initial return period, T 0 , at arrival in the upslope start of the runout zone (30 years for Swiss and Canadian standards); and return period T m at the downslope end of the blue zone (300 years for Swiss and Canadian standards). The theoretical design avalanche can be used to illustrate how impact pressure decreases as return period increases within the runout zone where return periods vary from 30 to 300 years: the region in which definition of the blue zone is possible. More importantly, it shows a theoretical rationale to compare Swiss and Canadian standards.
The following two assumptions are made to relate impact pressure and return period in the runout zone: (1) It is assumed that impact pressure decreases linearly with distance x (or a scaled distance called the runout ratio) into the runout zone. This assumption is compatible with the Swiss Guidelines (Salm et al. 1990 ) and the model of , where flow density is assumed to be approximately constant (incompressible flow). The model of contains the assumption that basal friction is due to a dynamic, cohesionless Coulomb friction, which yields v 2 (where v is speed) linearly proportional to x for fixed flow density.
(2) It is assumed that extreme runout follows a Gumbel distribution (McClung 2000) as a function of x governed by a spatial nonexceedance probability P or a spatial return period T s related to P by the relationship P = 1 -(1/T s ). With model it is possible to relate return period in the runout zone to x and T 0 so that return period and impact pressure are both determined analytically in the runout zone. Since impact pressure and spatial return period are both assumed to vary simply with x, it is possible to relate these quantities in the runout zone by eliminating x.
Spatial return period and return period in the runout zone From and , it is assumed that the extreme runout ratio, x, obeys a Gumbel distribution with scale parameter, b, and location parameter, u, for a given mountain range. This gives the following expression in quantile form:
Now if T S >> 1 (as in the runout zone) eq. [A1] can be written as (2000) or Appendix B, the return period in the runout zone may be written as Appendix B contains a derivation similar to eq. [A5] for any probability density function that runout distances (or scaled runout distances) are fitted to. In the derivation above, the Gumbel distribution is assumed based on empirical evidence from a number of mountain ranges (McClung 2000) . However, such a choice does not exclude other distributions since another distribution might provide a better fit to a set of extreme runout distances or a lower variance to yield more accurate predictions. See Appendix B for generalization of the argument here for any empirical distribution.
Speed and impact pressure in the runout zone
From the Swiss Guidelines (Salm et al. 1990 ) and , the speed in the runout zone is given by
where x L represents the stop position for which the return period has the maximum value for the design avalanche (T m ). McClung (2001) and Appendix A provide justifcation for the basal friction conditions compatible with eq.
[A6]. Equivalently, for constant density, the impact pressure (Mellor (1968) defines I as: ρv 2 ), i.e., the product of flow density and speed squared may be expressed as The proposed Canadian standard relating impact pressures and return periods for the upper limit of the blue zone is
or 10% of the initial ratio I d (x* = 0)/T 0 = I 0 /T 0 (proportional to risk) of the design avalanche at the beginning of the runout zone. The risk is considered nominal for estimated impact pressures less than or equal to 1 kPa in the Canadian standard. Figure A1 shows the Canadian standard. For comparison (see Fig. A2 ), the Swiss standard (Switzerland 1984, p. 16) relating impact pressures and return periods for the blue zone is I < (I 0 -I d ):
[A10] I/I 0 < log 10 (T/T 0 )
For impact pressures less than 3 kPa, the Swiss standard stipulates that zone colour may be blue or yellow in the return period range of 30-300 years (Switzerland 1984, p. 16) . See for the definition of the yellow zone. The risk-based relationships are shown in Fig. A1 (Canadian standard compared with the theoretical design avalanche) and Fig. A2 (Canadian and Swiss standards compared). Figures A3 and A4 show equivalent plots in terms of impact pressure versus return period. The risk-based Canadian standard I/T < 0.1 can be seen to be slightly more conservative than the Swiss standard. The Canadian standard gives equal weighting (from a risk perspective) to impact pressures and avalanche frequency, whereas the Swiss standard gives higher weighting to impact pressures -meaning acceptable impact pressures at a given return period are slightly higher than for the Canadian standard. The most recent Austrian standard ) is more conservative than the Canadian standard since, for the same return period, allowable impact pressures are less than those for the Canadian standard.
The theoretical basis for the proposed Canadian standard is equal (proportional) weighting of impact pressure and avalanche frequency in risk determination. The grounds for the Swiss and Austrian proposals are experience and theoretical arguments. . Canadian standard for definition of the blue zone based on the ratio of impact pressure and return period I/T. In the figure, T 0 is 30 years and the value of I is given in kPa. For T < 30 years, the zone colour is red. For I/T > 0.1 and T ≥ 30 years, the zone coulour is red for return periods <300 years. The theoretical design avalanche is taken as one that enters the runout zone with an impact pressure of 30 kPa and a return period of 30 years, with the impact pressure declining to 0 as the return period reaches 300 years. For return periods >300 years, the zone colour is white. Fig. A2 . Risk proportional comparison of blue zone definitions for Switzerland and Canada. If I/T is taken to be proportional to risk, then the figure suggests that the Canadian proposal is more conservative in defining the upper limit of the blue zone. 
Appendix B. Return period in the runout zone for runout distances fitted to a probability density function
In applications it is necessary to estimate the return period for avalanches far into the runout zone from some reference position, x 0 , at which the return period, T 0 can be estimated. In this Appendix, a general derivation is provided assuming that the spatial distribution of runout distances (or runout ratios), x*, follow some probability density function, which can be represented by a cumulative distribution function (CDF), F X* (x*), with x* as the distance into the runout zone from x 0 .
Following , the following assumptions are made: (1) Avalanche events arrive at x 0 as rare, discrete, independent events such that the arrivals may be assumed to follow a Poisson probability mass function with Poisson parameter µ 0 = 1/T 0 represented by P n = exp(-µ 0 )µ 0 n /n! where n is a random number of events and P n is the probability of n events, given µ 0 .
(2) Runout distances are assumed to follow an empirical, spatial probability density function in the interval x 0 to ∞ with a CDF represented by F X* (x*) as x* (distance from x 0 ) ranges from 0 to ∞. (3) The CDF of the extremal compound distribution describing independent avalanche events in the runout zone (McClung 2000) is:
Given this assumption, the return period far into the runout zone is T(x*,
From assumption (2) above, the CDF for x* (the distance from x 0 ) may be written as [B1], F X (x) represents the CDF of a set of extreme runout distances (often scaled with some length called a runout ratio) fitted to a probability density function. suggests that extreme runout distances for a given mountain range often may be fitted to a Gumbel distribution to a good approximation, but other distributions can be used depending on accuracy and fit. From assumptions (1) and (2) 6 b. Equation [B7] shows that the key parameter for prediction is variance or the standard deviation of the runout distances (or runout ratios). suggests that the standard deviation (or b) may change with snow climate and terrain steepness for a number of different mountain ranges. The standard deviation of runout distances or runout ratios controls the accuracy of return period determination, and therefore it seems essential that data from different mountain ranges (snow climate, terrain features) are not mixed . Otherwise, the standard deviation (or variance) increases and the accuracy of predictions is so poor that they are not useable in applications. Ancey et al. (2003) propose an empirical method based on runout data from individual avalanche paths using an inverse method coupled to an avalanche dynamics model.
In North America it is very rare to have enough data from an individual path to formulate an empirical relationship.
